relationship of the outgoing command signals to the incoming sensory feedback. This changed feedback would likely change output-null activity directly, and also might require the circuit to compensate in order to produce the needed outputs. Second, motor adaptation requires adaptive processes in other brain structures, such as the cerebellum. These other structures might provide altered feedback under adaptation, and act to change activity much like the altered sensory feedback. Alternatively, these other brain structures might even act as part of the pattern generator itself, forming loops with PMd and thereby acting as part of the link between PMd's outputnull and output-potent dimensions. Their adaptation could reshape this link, and produce the result Perich et al. observed.
Interestingly, these findings seem to be at odds with the recent results of Hennig et al. (2018) . In that paper, the authors studied adaptation using a BCI, which allowed them to explicitly specify outputpotent dimensions. They then altered the mapping of the BCI and found that the statistical relationship between output-null and output-potent dimensions held steady despite the altered ''physics.'' This may mean that altering a BCI mapping acts more like a visuomotor rotation than like a curl field, and studying motor adaptation is best done with the real arm. Or it may be that motor adaptation with the real arm unavoidably alters sensory feedback and confuses the issue, and a ''purer'' study of adaptation can be accomplished using BCI. Hopefully, future experiments will tease apart the roles of changing sensory feedback and changing dynamics.
The approach of Perich et al. opens the door to a new way of understanding motor learning. By examining how activity changes differently in output-null and output-potent dimensions, future work can now answer questions of how pattern generation changes when new patterns are required and how sensory feedback shapes ongoing pattern generation.
The cerebellum, a brain structure historically considered to be important for motor coordination, is often overlooked in terms of its role in higher-order control processing. Using resting-state functional connectivity and precision mapping, Marek et al. (2018) illuminate the cerebellum as an important source of individual variation in brain function and cognition.
While the endeavor is vast, a better understanding of brain organization will be critical for the improved well-being of our society. From technological advancements (Kandel et al., 2013) to better health outcomes, improved characterization of the brain is likely to be advantageous to many areas of study. Particularly impactful will be understanding variation in brain organization-not simply variation between different groups or populations, but also within and between individuals. ). Many of these initiatives include brain imaging, such as functional magnetic resonance imaging (fMRI) as a critical component, due to its ability to interrogate real-time brain activity in vivo in humans, and to serve as a non-invasive ''bridge'' between humans and other animal species. However, studies of the brain have historically largely focused on the shared variance across large populations, necessarily neglecting the vast heterogeneity that exists in both typical and atypical populations (e.g., Fair et al., 2012) . Now, Marek et al. suggest we are missing a brain structure critical for understanding functional heterogeneity across individuals (Marek et al., 2018) . Extending previous work in individuals using restingstate fMRI and precision mapping of the cerebral cortex (Gordon et al., 2017; Poldrack et al., 2015) , the authors focus on individual-specific properties of the cerebellum. They find that the cerebellum, like the cerebral cortex, contains individually specific network topology and organization; however, the variability across individuals is of greater magnitude than what has been reported in the cerebral cortex. They also find that the frontoparietal network, a system long known to be important for various aspects of higherlevel task control (Dosenbach et al., 2008) , is greatly over-represented (2.33) in the cerebellum. Lastly, they find that resting-state signals in the cerebellum consistently lag behind signals in the cerebral cortex, setting up several interesting hypotheses with regard to how the cerebellum might support domaingeneral task control functions.
For those investigators following the scant fMRI literature on the cerebellum, it might not come as a surprise that all cortical brain networks involved in primary motor processes, along with those systems involved in higher-order task control and memory functions, are represented in the cerebellum. The cerebellum is involved in processes far beyond that of motor coordination and control (Fiez et al., 1992) . In a seminal article, Buckner and colleagues were the first to map the functional network organization of the human cerebellum using group-averaged resting state functional connectivity data (Buckner et al., 2011) . Subsequent work using resting state connectivity precision functional mapping highlighted that functional networks in the cerebral cortex vary from person to person (Gordon et al., 2017) . However, Marek et al. show clearly that some of the greatest variability in network topology across individuals does not lie in the cerebral cortex, which has dominated the field for decades, but rather in the cerebellum, which often goes ignored. The ''holy grail'' of functional neuroimaging is to try to understand and properly model how the complexities of system and network organization in the human brain map onto the equally intricate and complex nature of human behavior. Yet neuroscientists have invested such large amounts of intellectual and monetary resources in the cerebral cortex, thus begging the question: What are we missing by ignoring the cerebellum? And why are we missing findings in the cerebellum?
The cerebellum is a difficult brain structure to image. During an fMRI scan of the brain, the cerebellum often falls toward the edge of the scanning window or field of view. As such, any slippage in a subject or patient on the MRI bed during scanning can move the cerebellum out of this window, hence ''cutting it off'' from the image. In addition, like other sub-cortical structures, the cerebellum is typically more ''distant'' from the scanner coil that surrounds the head when scanning. This location, along with the characteristics of neighboring brain and head structures, by its nature, reduces the signal-to-noise ratio (SNR) in the cerebellum. Thus, the reliability of fMRI signals is reduced compared to the cerebral cortex (a point noted by Marek et al., 2018) . Simply put, the SNR of functional neuroimaging data in the cerebellum is so low that results obtained in individuals using standard quantities of per-subject data (e.g., 5-10 min) cannot precisely characterize brain function. Beyond the field's general neglect of the cerebellum, it is likely that many findings go unnoticed simply because they are not found due to the noise characteristics of the structure. What, then, is the secret to building such a precise individual model of the cerebellum as in Marek et al.? The answer to this question lies in the authors' clever use of precision mapping.
The vast majority of fMRI studies have collected data using a paradigm in which small quantities of data (5-10 min) are collected per individual and subsequently averaged across a supposedly homogeneous group of individuals. Precision mapping refers to a data acquisition approach aimed at overcoming the low SNR of fMRI, in which the same individual is repeatedly sampled and the data are then averaged within an individual instead of across different individuals. The conception of precision functional mapping was introduced by Russ Poldrack, who collected functional neuroimaging data on himself twice per week for more than a year, as part of the ''MyConnectome Project'' (Poldrack et al., 2015) . The MyConnectome data revealed that with sufficient data (hours), reliable estimates of brain networks can be produced in a single individual and that an individual's brain networks contain variants that are obscured by averaging across groups. A follow-up dataset, the Midnight Scan Club (MSC), acquired 5 hr of fMRI data across ten individuals. Several important reports have come from these data (Gordon et al., 2017) , including the report by Marek et al. (2018) . Each of these studies has revealed different reasons for precisely characterizing individual variability in fMRI data. This line of research definitively shows that while strong similarities exist across all individual brains, each individual contains measurable differences in functional brain topology that are reliably distinguishable from each of the other study participants. Similar to the Human Genome Project, which has brought unprecedented progress in science, technology, and medicine through the high-fidelity sequencing of individual genomes, we expect that reliably identifying and characterizing individualized functional architecture of the human brain to have comparable utility.
Precision functional mapping is quite distinct from the classification procedures utilized for so-called functional fingerprinting, or ''connectotyping'' (MirandaDominguez et al., 2014; MirandaDomínguez et al., 2018) . To date, these techniques generally attempt to model the connectome using a priori parcellations or ''regions of interest,'' which are typically generated from group average maps. The regions are used to generate a correlation matrix or ''connectotype,'' which then can be utilized to classify external data or data from another time period as the same individual. Classifying individuals in this manner has been highly successful, allowing for the classification of an individual several years apart, and has even shown aspects of heritability (Miranda-Domínguez et al., 2018) . However, these classification problems are quite distinct from the level of detail and opportunity for discovery that is provided by precision mapping. To provide an example, Figure 1 shows two cases using both functional imaging data and photos of two well-known personalities. In both cases the data are split into a ''noisy'' image (low SNR) and a clear ''precision map'' or ''ground truth'' image that is derived from more high-quality data. A classification algorithm could likely model and pull enough information out of those noisy data to classify any set of images of the two individuals in Figure 1A (i.e., Barack Obama and Dwayne Johnson/The Rock). The same is likely true for the corresponding imaging data in Figure 1B . However, the detailed information regarding facial features, eye color, and tie pattern can only be obtained with a more precise and detailed picture (i.e., the precision map). Similarly, individual specific features of functional brain organization can only be elucidated reliably using precision mapping ( Figure 1B) . In sum, the classification aspects of functional fingerprinting do not require the detail provided by precision mapping to be accurate. Thus, while functional fingerprinting is informative in its unique way, it should not be conflated with precision mapping.
While the results by Marek et al. are promising, several important directions remain to be pursued. First and foremost, relating precision mapping data to complex behaviors is much needed. Several important hypotheses regarding how the cerebellum might support adaptive control have emerged from the work by Marek et al. It will now be important to test those ideas in a well-controlled manner using both precision mapping data and deep behavioral phenotyping. With that said, to do so reliably will require more subjectsa difficult task considering the commitment required to obtain such datasets. Nevertheless, support for the generation of precision mapping datasets with larger numbers of subjects must be encouraged. The current study by Marek et al. and similar studies in the cerebral cortex have made it apparent that the low reliability of functional connectivity data using traditional data collection strategies (that emphasize the number of subjects, at the expense of within-subject SNR) are, at least in part, to blame for the field's problems regarding reproducibility.
Equally important is that we start collecting data suitable for precision functional mapping in clinical cohorts. The correspondence between the proposed functions of areas with high variability in the cerebellum and psychopathology begs the question as to whether we have been blind to important brain biomarkers by largely overlooking the cerebellum. Of course, collecting similar precision mapping data in clinical cohorts will not be trivial; therefore, we must also work on modeling techniques that can accomplish similar specificity and resolution without the need for such large amounts of data per participant.
The work by Marek et al. shines a gigantic floodlight on the cerebellum as an important source of individual variation in brain function and likely cognition. The work should be commended for its ingenuity and advancement of the field. While open questions remain, the article will serve as a foundation for several new lines of inquiry for years to come. A classification algorithm could likely model and pull enough information out of the data in (A) to classify these two individuals (i.e., Barack Obama and Dwayne Johnson/The Rock). The same is likely true for the corresponding imaging data shown in (B). However, the detail and precision information regarding facial features, eye color, tie pattern, etc. can only be obtained with a more precise and detailed picture (i.e., the precision map). Five minutes of data were used for the top image in (B) and 3 hr of data for the bottom map in (B). (Photos: Getty Images.)
